Abstract-The performance analysis of a novel optical modulation scheme is presented in this paper. The basic concept is to transmit signs of modulated optical orthogonal frequency division multiplexing (O-OFDM) symbols and absolute values of the symbols separately by two information carrying units: 1) indices of two light emitting diodes (LED) transmitters that represent positive and negative signs separately; and 2) optical intensity symbols that carry the absolute values of signals. The new approach, referred as to non-DC-biased OFDM (NDC-OFDM), uses the optical spatial modulation (OSM) technique to eliminate the effect of the clipping distortion in DC-biased optical OFDM (DCO-OFDM). In addition, it can achieve similar advantages as the conventional unipolar modulation scheme, asymmetrically clipped optical OFDM (ACO-OFDM), without using additional subcarriers. In this paper, the analytical BER performance is compared with the Monte Carlo result in order to prove the reliability of the new method. Moreover, the practical BER performance of NDC-OFDM with DCO-OFDM and ACO-OFDM is compared for different constellation sizes to verify the improvement of NDC-OFDM on the spectral and power efficiencies.
I. INTRODUCTION
W ITH the rapid development of wireless services and applications, since 2000 wireless data rates have been growing exponentially. Some recent forecasts indicate that 5 th generation (5G) wireless systems will have speeds of 1 Gbps by 2020 [1] . Despite the fact that the hardware of the system can satisfy the requirement of the high speed transmission, the limited radio frequency (RF) spectrum may not be sufficient to cope with future data rate demands. As a viable complementary approach, optical wireless communication (OWC) has gained significant attention in part due to recent technological developments in solid state lighting technology [2] . The momentous advantage of OWC is that it offers almost infinite bandwidth ranging from infrared (IR) to ultraviolet (UV) including the visible light spectrum [3] . Other important benefits of OWC are: license-free operation; high communication security; low-cost-front-ends; and no interference to RF systems meaning that OWC and RF systems can be used simultaneously.
In current visible light communication (VLC) systems, high speed light emitting diodes (LEDs) are mainly used as transmitters. At the receiver, highly sensitive photodiodes (PDs), such as positive-intrinsic-negative (PIN) diodes, avalanche photo diodes (APDs) and single-photon avalanche diodes (SPADs) are used [4] . To date, the fastest wireless VLC system using a single LED can achieve speeds exceeding 3 Gb/s [5] . However, the incoherent light output of the LED means that information can only be encoded in the intensity level. As a consequence, only real-valued and positive signals can be used for data modulation. This is in contrast to RF systems which make use of complex valued and bi-polar signals. Thus, VLC systems are usually considered to be modulated as an intensity modulation (IM) and direct detection (DD) system [6] . On-off keying (OOK), pulse position modulation (PPM) and pulse amplitude modulation (PAM) are some of the common modulation schemes used in conjunction with IM/DD systems [6] - [9] . Recently, the Optical Orthogonal Frequency Division Multiplexing (O-OFDM) modulation scheme, treated as the high-speed data transmission approach, can also applied in the context of IM/DD systems [10] - [14] .
A. Optical OFDM
For the high-speed OWC system, O-OFDM is used to handle severe ISI. The advantages of OFDM in OWC are same as in RF which are described in [10] , [15] . However, as the O-OFDM is based on the IM/DD system which is limited to transmit real-valued signals, the set-up methods of each subcarrier are different between O-OFDM and the traditional OFDM system in RF. In O-OFDM, during the signal generation phase, real-valued symbols can be achieved by imposing Hermitian symmetry on the information frame before the inverse fast Fourier transform (IFFT) operation. This decreases the spectral efficiency by half. In general, standard techniques to ensure positive optical signals are DC-biased optical OFDM (DCO-OFDM), asymmetrically clipped optical OFDM (ACO-OFDM) and unipolar OFDM (U-OFDM) [16] , [17] . In DCO-OFDM, a DC-bias is added to the original OFDM signal and the negative part is clipped. Clipping in DCO-OFDM may cause nonlinear distortion [18] . If the DCbias is increased to an optimal level, all of the symbols will be positive but the higher level requires more transmission power. In ACO-OFDM, the system inserts zeros on even subcarriers and modulates only odd subcarriers. As a result, a group of antisymmetric real-valued OFDM symbols are obtained, as shown in [18] . This allows any negative samples to be clipped without distortion. Since only half of the subcarriers carry information bits, the spectral efficiency of ACO-OFDM is about half the spectral efficiency of DCO-OFDM. In U-OFDM, the positive part of OFDM symbols and the negative part of the symbols will be transmitted respectively [17] . The positive block comes from the original OFDM signal with clipping the negative part and the negative block is generated in the same way. At the transmitter, the positive block is transmitted first and the absolute value of the negative block is then transmitted. Since the length of the OFDM frame is doubled, U-OFDM has the same spectral efficiency as ACO-OFDM.
B. Optical Spatial Modulation
In current 4G communication systems, OFDM multipleinput multiple-output (MIMO) is used as an efficient and effective method to satisfy the demand of high data rate transmission without ISI [19] - [21] . Examples of MIMO techniques are vertical Bell Labs layered space-time (V-BLAST), Alamouti and spatial modulation (SM) [22] - [24] . Compared to V-BLAST and Alamouti, SM has better BER performance while achieving the same spectral efficiency. In addition, about 90% reduction in receiver complexity can be achieved [23] . For the VLC system, the optical SM (OSM) technique using IM/DD has been considered in [25] . In OSM, within a room, multiple transmitters are spatially separated. Only one LED is activated at any time instance and visible light is emitted with a fixed frequency and a certain optical power. Each transmitter index carries log 2 (N t ) bits when the number of transmitters is N t . In the IM/DD system, the value of modulated signals can be transmitted by the certain optical power. Thus, the conventional modulation schemes can be used in OSM, and even O-OFDM. In the conventional OSM-OFDM system, the indices of the transmitters carry a part of information bits, and modulated signals, which carry the other part of information bits, are transmitted by the active LED. The detailed model of the conventional OSM-OFDM system has been introduced in [26] .
C. NDC-OFDM
A novel O-OFDM modulation scheme designed for OSM is presented in [26] , which combines the basic OSM-OFDM and the original O-OFDM modulator, referred as to Non-DC-biased OFDM (NDC-OFDM). The new method aims to eliminate the clipping distortion problem in DCO-OFDM and increase the spectral efficiency which is halved in ACO-OFDM and U-OFDM. In NDC-OFDM, after the DCO-OFDM modulation block, symbols are transmitted by different LEDs. The positive OFDM symbol is transmitted by one LED and the negative symbol is transmitted by another LED. As the LED can only transmit positive signals, the absolute value of the negative symbol is transmitted. Thus, unlike the conventional OSM-OFDM system, the indices of transmitters in NDC-OFDM represent the signs of the transmitted signal and the absolute value of the signal is sent as optical intensity signals.
As the DC-bias and the bottom clipping do not exist in NDC-OFDM, the system can save energy. Despite the fact that NDC-OFDM uses two transmitters, the energy efficiency performs better than conventional OSM-OFDM schemes when using the same number of transmitters. Moreover, the VLC system trends to be realized by multiple low power LEDs to achieve higher transmission bit rate.
The rest of this paper is organized as follows. The system model of NDC-OFDM is described in Section II. Section III presents the performance analysis of NDC-OFDM. Section IV shows numerical and simulation results of the performance analysis and the result of a comparison between NDC-OFDM and conventional OSM-OFDM in terms of their BER performances. Finally, Section V concludes this paper.
II. SYSTEM MODEL
The NDC-OFDM system model is illustrated in Fig. 1 . This system mainly aims to solve the DC-bias distortion problem in the DCO-OFDM modulation scheme. Using the indices of LEDs to transmit signs of samples ensures that transmitted samples are positive and also saves transmission energy in order to increase the spectral efficiency under a fixed power condition.
A. Modulation Procedure
At the transmitter, the input bit stream is transformed into complex symbols, X(n), n = 0, · · · , N/2−2, by an M -QAM modulator. N is the number of OFDM subcarriers. N/2 − 1 QAM symbols are then modulated on to the first half of an OFDM frame, X(m), m = 0, · · · , N − 1, and the DC subcarrier (the first subcarrier) is set to zero. Then, Hermitian symmetry is imposed on the second half of the OFDM frame. Next, the mapped subcarriers are passed through an IFFT block. Without loss of generality, the following definition of inverse discrete Fourier transform is used [10] ,
After the N -IFFT operation, the complex QAM symbols become N real-valued OFDM samples, x(k), but they are still bipolar. In the conventional DCO-OFDM system, a DC bias is added and the signal is then clipped to obtain the unipolar sample. In practice, the value of the DC bias, which is related to the average power of the OFDM symbols, is defined in [16] as
where 10 log 10 (α 2 +1) is defined as the bias level in dB which depends on the constellation size. For the simple DCO-OFDM model, positive samples, which can be transmitted by LEDs, are obtained by signal clipping after a fixed power for the DC bias is added. However, the added DC biased power increases the power consumption. More importantly, if the level of DCbias is not enough to ensure all the samples positive, the signal clipping will cause the bottom distortion problem [27] . NDC-OFDM is a novel modulation scheme which can save the transmission energy and mitigate the bottom nonlinear distortion problem. In NDC-OFDM, LEDs only send the absolute value of x(k) and the sign of the symbol is represented by the index of the corresponding LED. According to the working principle of OSM, only one LED is activated during one symbol time. If the transmitted symbol is positive, the first LED will be activated to send the symbol. If the symbol is negative, its absolute value will be sent by the other LED. Since the absolute values of the negative samples is transmitted, this system does not need additional transmission power to obtain positive signals. Moreover, the signal clipping is not exerted in NDC-OFDM because every sample is fitted for the LED-based system.
In general, in an OFDM-based system a cyclic prefix (CP) is added to resist ISI before the samples are transmitted, but in OWC the CP is shown to have a negligible effect on the electrical SNR requirement and the spectral efficiency [28] . Therefore, for simplicity, it is not considered in the theoretical performance analysis in this study.
Finally, the digital signals in SM frame vectors, L 1 (k) and L 2 (k), will be transformed to analog signals and prepared to be transmitted by LEDs.
B. Optical Channel
As shown in Fig. 2 , the converted optical signals will be transmitted by the corresponding LED over the optical MIMO channel H [25] . Without loss of generality, a simple N t × N r optical channel matrix is realized,
where h NrNt is the channel DC gain of a directed line-of-sight (LOS) link between the receiver N r and the transmitter N t . The LOS link is considered in the system model, because the multipath components are significantly weaker and can thus be neglected. The channel gain is calculated as follows [6] ,
Where β is related to Φ 1/2 which is the transmitter semiangle, by
is the detector area of the PD, d
is the distance between the receiver N r and the transmitter N t , φ is the radiant angle, ψ is the incident angle, T s and g c are the optical filter gain and the optical concentrator gain which depend on the properties of the receiver.
C. Detection and Demodulation
Through the optical MIMO channel, correlated optical signals are detected and obtained by PD receivers. The received signal can be written as
where y is the N r -dimensional received vector and s is the N t -dimensional transmitted signal vector. In this paper, both N r and N t are set to two. In addition, w is the N r -dimensional noise vector which is assumed to be real-valued AWGN. After the received optical OFDM signal is converted to an electrical signal by PD, the ZF detection is used to recover the transmitted symbols as follows [29] ,
where g is an N t -dimensional vector which contains the estimated transmitted symbols and H −1 denotes the inverse of the channel matrix H. In this paper, it is assumed that the channel gain is known at the receiver. The performance of NDC-OFDM is compared with the conventional O-OFDM approach in this study and different detection methods will not effect on the comparison results. Even though the MMSE detector can also be used in the NDC-OFDM system with the known channel information and the noise coefficient, the ZF detector has been chosen as a simple and convenient detection method [30] . Each element in g represents the detected OFDM signal which has been transmitted by the corresponding LED with AWGN added at the receiver.
Before demodulating the received signal, there are two methods in which the original bipolar OFDM signal can be reconstructed. Both of the two methods are based on the principle of the modulation scheme in NDC-OFDM. The detected signal received by the first PD is set to be transmitted by the first LED which sent the positive OFDM sample. The second PD achieves the absolute value of the negative sample. In NDC-OFDM, since only one LED is activated during one time slot, only one element in g carries the bit information and the other ones are treated as noises. According to the rules above, the first method is to subtract the negative signal block from the positive one. This is the same as the demodulation approach in ACO-OFDM. However, when reconstructed in this way, the proposed method performs 3 dB worse than bipolar OFDM for the same constellation size. This is because the subtraction of the negative block from the positive one doubles the AWGN variance for each restored bipolar OFDM signal. The other reconstruction method used in NDC-OFDM performs a significant improvement on the power efficiency which has been proved in U-OFDM [17] . This method mainly aims to estimate the index of the active transmitter. The estimated index represents the sign of the transmitted information OFDM sample. The information-carried signal, afterwards, can be selected to reconstruct the bipolar OFDM signal. Compared with the former approach, this method will not double the AWGN variance for each estimated OFDM symbol. In particular, to estimate the indices of the active transmitters, the SM detector compares the values of the elements in g as follows,l
where G is the N t × N equalized matrix which contains all the estimated transmitted symbols andl is an N -dimensional vector which contains all the estimated indices. As noted, there are two transmitters and two receivers. Ifl(k) is equal to one, this means that the symbol received at the time instant k is transmitted from the first LED. Therefore this symbol is a positive-valued OFDM symbol. Ifl(k) is two, a negative symbol is transmitted by LED2. As a consequence, the estimated OFDM symbols sequence is
In an ideal scenario, if there is no AWGN, x ′ (k) should be the same as x(k). In this paper, the sign-selected estimation has been chosen. After recovering the OFDM symbols, x ′ (k) is passed through the conventional OFDM demodulation block to obtain received QAM symbols,
The N/2 − 1 data-carrying symbols in X ′ (m) can be extracted and then demodulated using a maximum likelihood (ML) detector in order to obtain the output bit stream.
III. PERFORMANCE ANALYSIS
The theoretical BER performance of NDC-OFDM is computed and presented in this section in order to demonstrate the correctness of experimental results. Moreover, the spectral efficiency of NDC-OFDM is analysed and compared with the spectral efficiency of other OFDM methods in the OSM system.
A. Theoretical Performance of NDC-OFDM
To calculate the theoretical BER of NDC-OFDM, the following mathematical notations and formulas should be defined. In this paper, σ n is the standard deviation of the AWGN, i.e., σ n = N 0 /2, where N 0 /2 is the variance of the AWGN.The constant, σ s , is the standard deviation of the real OFDM signals which have been modulated and are ready to be transmitted by LEDs. For the analytical calculation, σ s is defined as follow,
where E b is the electrical energy per bit. E b /N 0 is the metric of the BER performance. φ(x) is the standard normal distribution probability density function, i.e.,
1(x) is the step function, i.e.,
sgn(s) is the sign function, i.e.,
In following theoretical expressions, a 2 × 2 MIMO channel is considered,
Since the attenuation gain of the channel has a limited effect on the results of the analytical BER performance, for simplicity, the coefficients in H are normalized to one and they simply represent the correlation coefficients of the channel. The ZF detection needs to use the inverse matrix of the channel matrix, H −1 , to eliminate the channel effect on information samples. The inverse matrix is represented by C, i.e.,
(17)
Based on the theoretical analysis method of the nonlinear transmission in [17] , the analysis in this study mainly aims to calculate the probability of the correct and incorrect detection in which the effects of the ZF detection and the nonlinear OFDM demodulation should be taken into consideration. In NDC-OFDM, two receivers obtain optical OFDM samples over the MIMO channel at the same time. After the ZF detection, the unipolar OFDM symbols are recovered with the enhanced AWGN. Symbols detected by the first PD come from the first LED which are originally positive symbols. Symbols detected by the second PD are transmitted by the second LED which are the absolute values of the negative symbols. If there is no noise in the system, the received symbols should be the same as the transmitted symbols. In the theoretical analysis model, the AWGNs are considered as two independent random variables, n 1 and n 2 , which follow the standard normal distribution with the standard deviation, σ n . Since the ZF detection is used in the system, the noise is enhanced after removing the channel crosstalk. Most importantly, the AWGN in one receiver has an impact on the variance of the noise in the other receiver. Considering this condition, the correctly detected probability for the identical symbol is presented in (16) . This depends on a random value of n 1 , a random value of n 2 , the inverse matrix of the channel and the original bipolar symbol, s. The bipolar OFDM symbols also follow the Gaussian distribution. Likewise, the incorrectly detected probability is given in (17) . With the identical n 1 , n 2 and s, the correctly detected OFDM sample is expressed as follow,
For all possible values of n 1 and n 2 and the identical OFDM sample, the mean of x c is,
Moreover, the variance of the correctly detected sample has the following value,
Based on the Central Limit Theorem (CLT), after the FFT is exposed in the OFDM demodulation process, the variance, v c (s) will be a part of the variance of the AWGN in the frequency domain. For the detection of NDC-OFDM, the incorrect determination will enhance the variance of the AWGN, but this enhancement is much less than the detection method of the conventional ACO-OFDM which doubles the variance. For incorrect detection, the selected OFDM sample is calculated as,
The mean and the variance of this value have the following forms,
Since the OFDM samples, s, follow a Gaussian distribution, for all possibility of s, the average variances of the correct and incorrect detections are,
These variances will constitute the variance of the AWGN in frequency domain. After the NDC-OFDM detection, the selected symbols should be demodulated to QAM symbols by FFT. For NDC-OFDM, the demodulation procedure is treated as a nonlinear transformation. According to the Bussgang theorem [31] , if an independent Gaussian random variable, X, passes through a nonlinear transformation, f (X), which has the following properties,
where E[.] expresses the statistical expectation. Using the properties above, the nonlinear distortion in an OFDM-based system can be equivalent to a gain factor, α d , and an additional noise, Y [17] . In NDC-OFDM, X is equal to the value of the transmitted symbol, s, and Y is a noise component which is a Gaussian random variable non-correlated with X. After exposing FFT, the variance of Y will be composed of the other part of the variance of the AWGN in the frequency domain and α d will enhance the mean value of the information-carried symbol in each modulated subcarrier. According to 26, α d can be derived as,
where σ X is the standard deviation of X, which is equal to σ s in this study. Since the additional noise, Y , follows a Gaussian distribution with a zero mean, the variance of Y can be calculated as,
From (27) and (28), the values of the constant and the variance for the correct detection are expressed as,
where y c is the variance. For the incorrect detection, the constant, α w , and the variance, y w , are calculated as,
From (16), the probability of the correct detection during an active time slot is,
(33) For a large number of samples in a NDC-OFDM frame, the number of correctly and incorrectly detected active samples have a ratio which corresponds to the probabilities for correct and incorrect detection. According to (26) , the nonlinear transmission will add a gain factor to the sample. For the theoretical analysis, the average value of the gain factor will enhance the average energy of the transmitted bits. The average gain factor is calculated as,ᾱ
As noted above, the variance of the detection,v c andv w , and the variance of the nonlinear transmission, y c and y w will constitute the average noise variance of the system in the frequency domain, i. e.,
Thus, the average SNR elec per bit can be achieved from the known value of E b,elec and the calculated values ofᾱ andN as,
Using the analytical expression for the BER performance of M −QAM O-OFDM in [18] , the theoretical BER performance of NDC-OFDM can be calculated as,
B. Spectral Efficiency Comparison
NDC-OFDM is realized in the OSM system which can also apply ACO-OFDM and DCO-OFDM as the modulation schemes. For fair comparisons, NDC-OFDM, ACO-OFDM and DCO-OFDM are built with an OSM system. For NDC-OFDM, the indices of LEDs is used to carry the sign information. For ACO-OFDM and DCO-OFDM, the indices carry additional information bits according to the conventional principle of the OSM system. For a normal OSM system with the simple M −QAM, the spectral efficiency is calculated by considering both the transmitted signal information bits and the indices-carried bits, i.e., R OSM = log 2 (M N t ) bits/s/Hz [25] . For NDC-OFDM, since the Hermitian symmetry of O-OFDM decreases the spectral efficiency by half and there is no information bit carried by the indices, therefore the spectral efficiency of NDC-OFDM is defined as,
Since in NDC-OFDM two different signs of the samples should be represented respectively, the number of the LEDs, N t , should be even. For DCO-OFDM in the OSM system, the spectral efficiency is halved by the Hermitian symmetry, so it is expressed as,
In ACO-OFDM, because only half of the subcarriers are modulated, the spectral efficiency should have an additional 50% reduction. In the OSM system, the actual spectral efficiency of ACO-OFDM is,
In 38, 39 and 40, M 1 , M 2 and M 3 denote the constellation size of QAM in the three O-OFDM modulation schemes respectively. In this study, the size of the OFDM frame, N , is set to 2048, so the coefficient,
2N , in (38) and (39) can be treated as 1/2. When NDC-OFDM, DCO-OFDM and ACO-OFDM in the OSM system have the same spectral efficiencies,i.e., R NDC−OFDM = R DCO−OFDM = R ACO−OFDM , the constellation sizes of these three methods have the following relationship, Fig. 2 shows that constellation sizes are used to reach the same spectral efficiencies between 0.5 bits/s/Hz and 2 bits/s/Hz for NDC-OFDM, DCO-OFDM and ACO-OFDM in the OSM system. It can be seen that NDC-OFDM needs a little higher constellation size to reach the same spectral efficiency as DCO-OFDM. Most importantly, if the spectral efficiency of ACO-OFDM is equal to the spectral efficiency of NDC-OFDM, the constellation size will increase exponentially which costs the system complexity. For the high spectral efficiencies, such as between 3.5 bits/s/Hz and 5.5 bits/s/Hz, the increase of the constellation size of ACO-OFDM becomes very large as shown in Table I . Although the constellation size can be as large as required to achieve the higher spectral efficiency, the data in the table for ACO-OFDM is unrealistic and unattainable. For the high speed optical transmission, NDC-OFDM and DCO-OFDM are more realistic.
IV. NUMERICAL AND SIMULATION RESULTS

A. Analytical Results
As noted in Section III, simple correlated channels are considered to test the correctness of the theoretical analysis. Symmetrical ideal channels are set as follows, 
The coefficients in (42) reflect the correlation of optical channels. A high value of coefficient indicates a high level of correlation. Without loss of generality, asymmetrical ideal channels are also tested in this study,
,
Since the constellation size can be treated as a factor which will not effect on the result of the integration in the theoretical expressions, 16-QAM is chosen in the implementation and for simplicity, the variance of the noise, σ n , is set to √ 0.01. Fig. 3 shows the comparison between analytical and simulation results for the symmetrical ideal channels. The performance of the theoretical model for the asymmetrical ideal channels is compared with Monte Carlo simulations in Fig. 4 . It can be seen that the analytical model and the simulations show close agreement.
B. NDC-OFDM, ACO-OFDM and DCO-OFDM Performance Comparison
The Monte Carlo simulation results for NDC-OFDM, ACO-OFDM and DCO-OFDM are shown in this section. The BER performance of NDC-OFDM is compared with ACO-OFDM and DCO-OFDM over different practical optical MIMO channels which are chosen from [29] . In [29] , a generic 4 × 4 indoor scenario is considered with intensity modulated optical wireless links with LOS characteristics. In this paper, despite the fact that MIMO channels with a larger size can be realized in NDC-OFDM and OSM-OFDM, 2 × 2 optical MIMO channels are considered to test properties and advantages simply and easily. Thus, 2 × 2 optical MIMO links are extracted from original 4 × 4 optical channels, taking into account the symmetrical and asymmetrical cases, Fig. 5 and Fig. 6 show the performance of NDC-OFDM, ACO-OFDM and DCO-OFDM with OSM over the symmetrical optical MIMO channels, H Prac1 and H Prac2 . It shows that when the spectral efficiency is 1.5 b/s/Hz, NDC-OFDM has around 3.5 dB power efficiency better than the 5 dB DCO-OFDM and nearly 5 dB better than ACO-OFDM and the 7 dB DCO-OFDM. In this case, there is no nonlinear distortion in DCO-OFDM. However, when the spectral efficiency is 2 b/s/Hz, the nonlinear distortion appears in the BER performance of the 5 dB DCO-OFDM. Moreover, at that time, NDC-OFDM can save 7 dB energy compared with DCO-OFDM. It means that with the increase of the spectral efficiency, the performance of NDC-OFDM is closed to the unipolar line and this is shown in [17] . H Prac2 is also a symmetrical channel but the correlation is different with H Prac1 . Fig. 6 indicates the performance of the three methods over H Prac2 . It seems that the change of the correlation of the channel may not change the relationship between the performance of each method. NDC-OFDM is also the most power-saving method in this case.
The performance of NDC-OFDM, ACO-OFDM and DCO-OFDM over the asymmetrical channels is indicated in Fig. 7 and Fig. 8 . As shown in Fig. 7 , for the 1.5 b/s/Hz spectral efficiency, the NDC-OFDM can save 5 dB energy more than 5 dB DCO-OFDM and around 7 dB more than 7 dB DCO-OFDM and ACO-OFDM in H Prac3 . In the 2 b/s/Hz case, when BER = 10 −4 , there is a 9 dB improvement between NDC-OFDM and 7 dB DCO-OFDM. NDC-OFDM gives better power efficiency than the other two methods. In the higher correlation channel, H Prac4 , the improvement increases to 10 dB (Fig. 8) . Moreover, when the highest correlation channel, H Prac4 , is considered, NDC-OFDM has the greater superiority over DCO-OFDM and ACO-OFDM. This means that the transmission method of NDC-OFDM performs the ability of the anti-crosstalk better than the conventional O-OFDM methods in the OSM system.
V. CONCLUSIONS
In this paper, theoretical and practical performances of a novel unipolar modulation method, called NDC-OFDM, is analysed. The new method combines O-OFDM with SM and has been applied to the OWC system. Due to the Bussgang theorem and the CLT, the closed-form analytical performance of NDC-OFDM in AWGN channels has been derived. As a result, an equation for the electrical SNR per bit, which presents a memoryless nonlinear distortion analysis processing, has been presented to calculate the theoretical BER performance of NDC-OFDM. In both ideal and practical channels, the derived BER result matches the Monte Carlo numerical result closely.
In comparisons of simulation performances, NDC-OFDM exhibits the capability for achieving higher energy efficiency than the conventional OFDM-based modulation schemes applied in the OSM system: DCO-OFDM and ACO-OFDM. Compared with DCO-OFDM, the new method solves the clipping distortion problem caused by the high level of the DCbias. Additionally, it decreases the power consumption with less reduction in spectral efficiency as ACO-OFDM. Therefore, when VLC systems are developed towards equipped with multiple LEDs to fulfill minimum lighting conditions, NDC-OFDM will be used as an effective and efficient modulation scheme.
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